Abstract-We have integrated an ultrahigh mobility twodimensional electron gas with a high-quality-factor terahertz photonic cavity. With a quantizing magnetic field and at low temperatures, we demonstrated collective nonperturbative coupling of the electron cyclotron resonance with terahertz cavity photons with a high cooperativity. Due to the suppression of superradiance-induced broadening of cyclotron resonance by the high-quality-factor cavity, our hybrid quantum system exhibited unprecedentedly sharp polariton lines and a large vacuum Rabi splitting simultaneously.
I. INTRODUCTION
Cavity-based hybrid light-matter interacting systems, or cavity quantum-electrodynamic (QED) systems are essential for both modern quantum computation hardware [1] and fundamental physics research. On the fundamental physics side, nonintuitive quantum phenomena have been predicted to occur, including a 'squeezed vacuum state' of polariton fields [2] , the Dicke superradiant phase transition [3, 4] , and quantum vacuum radiation induced by the dynamic Casimir effect [5, 6] . To implement these ideas, a large light-matter coupling rate g that is comparable to the cavity photon frequency ω 0 is desired. For achieving a larger g, solid-state-based cavity QED systems [7] are more advantageous than atom-based systems [8] due to the collective many-body coupling strength scaling law g ∝ √ N , where N is the number of matter dipoles that coherently interact with the common light field [9] .
Various solid-state materials have been used in cavity QED experiments [10] [11] [12] , among which group III-V semiconductor quantum wells (QWs) have been found to provide the cleanest and most quantum-designable optical properties. In particular, intersubband transitions [13] and cyclotron resonance (CR) [12, 14] in QWs possess enormous electric dipole moments (tens of e-Å) and small transition frequencies, ideally suited for making the g/ω 0 ratio high enough to enter the ultrastrong coupling regime. However, based on the other figure of merit that characterizes the coupling strength, that is, the cooperativity parameter, previous studies are not satisfactory. Because of the large matter excitation decoherence rate γ and cavity photon decay rate κ, the cooperativity C ≡ 4g
2 /(κγ) has hardly satisfied the standard strong-coupling criterion (C 1) in previous studies. Here, we simultaneously achieved C > 300 and g/ω 0 ∼ 0.1 by integrating an ultrahigh-mobility 2D electron gas (2DEG) in a 1D terahertz (THz) photonic-crystal cavity (PCC) [15] . The strong coupling of magnetically tunable CR at low temperatures with high-Q cavity photons manifested itself as ultranarrow anticrossing polariton lines. Our theoretical modeling of the polariton peak positions suggested that a full quantum mechanical Hamiltonian without the rotating wave approximation (RWA) was necessary to accurately describe our system, emphasizing the nonperturbative nature of lightmatter coupling. Moreover, we showed that the superradiant decay, which was previously identified as the dominant CR dephasing mechanism in high-mobility 2DEGs [16] , was suppressed by the presence of the high-Q cavity, yielding an intrinsic CR linewidth as small as 5.6 GHz (or CR decay time of 57 ps) at 2 K.
II. MATERIALS AND METHODS
GaAs QW samples were grown by molecular beam epitaxy (MBE) with Si δ-doping. The sample contained a 30-nmthick single QW, and the electron density and mobility were 3 × 10 11 cm −2 and 4 × 10 6 cm 2 /Vs, respectively. In order to integrate the QW in a 1D PCC, the GaAs substrate had to be removed. We used a mixture solution of citric acid (1g C 6 H 8 O 7 :1ml DI H 2 O) with hydrogen peroxide (30% H 2 O 2 and 70% H 2 O by volume) to etch away the GaAs substrate until the Al 0.3 Ga 0.7 As etch stop layer was reached. The optimized volume ratio between the citric acid solution and the hydrogen peroxide was 5:1. After etching, the 4.5-μm-thick QW membrane was transferred onto the cavity center defect layer and then, together with the other layers, assembled into the cavity.
We used polarization-resolved time-domain THz magnetospectroscopy to study the cavity samples. Our laser source was a Ti:sapphire-based regenerative amplifier (1 kHz, 0.9 mJ, 775 nm, 200 fs, Clark-MXR, Inc., CPA-2001). The laser beam was split into two, one for THz generation, and the other for detection. The nonlinear crystals used for both generation and detection were 1-mm-thick 110 -oriented zinc telluride crystals. The THz pulse duration was ∼2 ps, with a bandwidth from 0.2 to 2.6 THz. The sample was mounted in a helium bath cryostat with a variable temperature of 1.4-300 K. A magnetic field up to 10 T was applied to the sample in the propagation direction of the incident THz wave (Faraday geometry).
III. RESULTS
As schematically shown in Fig. 1(a) , under a quantizing magnetic field and at low temperatures, the transition between adjacent Landau levels is coupled with THz cavity photons. The cavity design is shown in Fig. 1(b) . The substrate-removed 2DEG was on one side of a 100-μ-thick silicon layer, which was sandwiched by silicon Bragg mirrors; each mirror consisted of two 50-μm-thick silicon layers. The silicon layers were aligned parallel and at controllable distances from each other with vacuum in between. Due to the large contrast of refractive index between silicon (3.42 in the THz range) and vacuum, this cavity structure was able to support high-Q photonic modes. As shown in Fig. 1(c) , three sharp transmission peaks corresponding to the first-, second-, and third-order cavity modes appear in the photonic stop bands. A Lorentzian peak fit for the first-order mode [ Fig. 1(d) ] determined the mode full-width-at-half-maximum (FWHM), or κ/2π, to be 2.6 GHz, corresponding to a Q of 150. An electric field distribution calculation (red shaded area in Fig. 1(b) ) for the first-order mode showed that the 2DEG was located at the maximum electric field position, and hence the strongest lightmatter coupling was ensured.
By varying the magnetic field (B), we continuously changed the detuning between the CR frequency (ω c = eB/m * , where m * = 0.07m e is the electron effective mass of GaAs and m e = 9.11 × 10 −11 kg) and the cavity mode frequency (ω 0 ): Δ ≡ ω c − ω 0 . Clear anticrossing, expected for strong coupling, is seen in Fig. 2(a) for the first cavity mode. Two polariton branches, the lower polariton (LP) and the upper polariton (UP), were formed through the hybridization of CR with the CR-active (CRA) circular-polarization component of the linearly polarized incident THz wave. The central peak originates from the transmission of the CR-inactive (CRI) component, which does not interact with the 2DEG in the RWA and whose position is practically independent of B in this field range. The FWHM of the central peak is thus essentially given by κ alone, while that for the LP and UP peaks at Δ = 0 is given by (κ + γ)/2. Therefore, from the Δ = 0 spectrum (B r = 1.00 T for this mode), we determined (2g, κ, γ, ω 0 )/2π = (74, 2.6, 5.6, 403) GHz, yielding C = 360 and g/ω 0 = 0.09. We verified the many-body collective coupling strength scaling law by measuring cavities having the same design as in Fig. 1(b) but with different 2DEG electron densities (n e ). Figure 2 (b) shows spectra for three electron densities at Δ = 0. The vacuum Rabi splitting (2g) values were extracted and are plotted in Fig. 2(c) The diamagnetic termĤ dia is also known as the A 2 term because, mathematically, it is proportional to the square of the vector potential A of the light field.
In the weak light-matter coupling regime, two terms in the full Hamiltonian can be neglected. The counter-rotating term inĤ int can be omitted under the RWA. The diamagnetic term is also usually omitted because, when g is small, the pre-factorhg 2 /ω c ofĤ dia becomes negligible. We examined if these approximation methods broke down in describing our strong light-matter coupling experiment. Narrow polariton linewidths enabled accurate determination of peak positions, as shown in Fig. 3(a) . The peak positions were fit with three Hamiltonians:Ĥ tot (full Hamiltonian),Ĥ CR +Ĥ cavity +Ĥ int (omittingĤ dia ), andĤ CR +Ĥ cavity +hg(âb † +â †b ) (the JC Hamiltonian,Ĥ JC , which assumes RWA), and their best fits are presented in Fig. 3(a) . The optimum fit was provided by the full Hamiltonian without performing any approximations, and the value of g/ω 0 was determined to be 0.09. Other two Hamiltonians failed to show the non-negligible blueshift of both polariton modes with respect to ω 0 determined from the residual cavity peak positions. We found that, with g/ω 0 ≈ 0.1, the contribution ofĤ dia term is expected to be of the order of 0.01ω 0 . This 1% contribution is indeed responsible for the observed blueshift. Furthermore, we have evidence that the nonperturbative coupling even extends to the negative magnetic field region manifested by the CRI peaks. In Fig. 3(b) , we plot experimental polariton modes of both CRA and CRI components, together with transmission spectra obtained by classical electromagnetic simulations. CRI is basically the UP of the CRA mode in the negative B field range, which, under the RWA, should not shift with |B|. Here, instead, the UP of the CRA mode (red open circles) is already slightly blueshifted from ω 0 at B = 0, and then it resumes as the CRI mode (blue open circles) on the negative B side, redshifts, and asymptotically approaches ω 0 with increasing |B|; see Fig. 3(b) .
Finally, we studied the CR decay rate γ in the cavity as a function of temperature (Fig. 4(a) ). For high-mobility 2DEGs in free space, previous work [16] has shown that collective radiative decay, or superradiance, dominates the CR decay at sufficiently low temperatures. In this regime, the CR linewidth shows a linear dependence on the electron density and is broadened so strongly by the radiative effect that τ CR deviates greatly from the DC momentum scattering time; see Fig. 4(b) . Here, however, the collective emission of CR radiation cannot readily escape from the high-Q cavity and thus re-excites coherent CR multiple times. Hence, superradiance is expected to be strongly suppressed. Experimentally, with the cavity mode linewidth (κ) being kept constant and determined from the residual cavity mode peaks, the temperature-dependent γ was determined from the temperature-dependent polariton linewidths, i.e., (κ + γ)/2 at Δ = 0, in Fig. 4(a) . The result is plotted as blue dots in Fig. 4(b) . The 2DEG samples used in free space and in the cavity experiments had exactly the same parameters, but our data obviously shows that the lifetime of 2DEGs in a cavitie (57 ± 4 ps at 2 K) was much longer than the lifetime of those in free space (10 ps at 2 K), evidencing the suppression of superradiance. Our 'superradiance-free' CR can potentially provide significant new insight in the longstanding question of how CR linewidth in a high-mobility 2DEG changes with temperature and magnetic field.
IV. CONCLUSION
We demonstrated collective, coherent, and ultrastrong coupling of 2D electron CR with high-Q THz cavity photons. By resolving sharp polariton linewidths, our experiment has significantly improved the cooperativity parameter in the current field of ultrastrongly coupled semiconductor intraband polaritons. Furthermore, our theoretical modeling showed that a full light-matter interaction Hamiltonian without adopting any approximation is required to explain the polariton peak positions. Finally, superradiant decay was strongly suppressed for CR in a cavity, revealing ultranarrow intrinsic CR linewidths. Our unique hybrid light-matter system opens a door to studying many more collective solid-state excitations and bridging them with novel quantum optical phenomena. 
